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Primary Production in Flowing Waters'

Howarp T. Opum

Departimeent of Zoology, Duke University, Durham, N. C.

ABSTRACT

Respiration, p]mmes_', nthetic production, and diffusion interact to produce the daily L'-ll"l'e
of oxygen change in a segment of flowing water.
in streams can be used to caleulate the component rates uf production, respiration, and &
diffusion. New production values obtained with these analyses of oxygen curves from 5
varions sourees, as well as a few previously existing estimates of primary production, indj

Converaely, the observed curves of oxygen

eate a genemllj.' higher rate of production in flowing waters than in other types of aquatic o4

environments.

The ratio of total primary produetion to total community respiration is used to classify
communities quantitatively aceording to their predominantly heterotrophic or autotrophic &

characteristies. Longitudinal succession within a stream tends to modify the ratio towards 8

unity from higher values for autotrophic and from lower values for heterotrophic cnma' :
munities. The behavior of this ratio is deseribed for the annual cyele in a stream, for tha
sequence of pollution recovery, and for diverse types of communities,

INTHODUCTION

To the casual eye the biota of Howing
waters is rich. Coral reefs, river rapids,
tidal channels, and the lush plant beds of
calcareous streams seem to be full of life.
In the polluted Illinois River, alinost un-
believable concentrations of bottom or-
ganisms have been found. How are such
communities supported? What is the mag-
nitude of primary production in comparison
to other communities? How does the
dominating current-flow  relate to other
energy-flows through the communities?

A large literature exists on the limnology
of streams and the biology of flowing sea
waters, but apparently studics on com-
munity funection have rarely been oriented
to obtain information on primary produe-
tion (exceptions: Nusbaum and DMiller
1952, Sargent and Austin 1949, 1954 ; Odum
and Odum 1955, Purdy as quoted by
Phelps 1944).  This iz verv peculiar because
the continual mixing makes in situ measure-

! Presented as part of a symposium, Primary
Production in Waters, September 6, 19553, at the
American Society of Limnology and Oeeanog-
raphy meeting, East Lansing, Michigan. Studies
summarized here were aided by the Biology
Branch, Office of Naval Research and the Univer-
gity of Florida. Appreciation is expressed to
Dir. Jaeob Verduin and Dr., John Ryvther for eriti-
cism of the manuserint.

ments of production very simple in flow
water. The task here, therefore, is
evaluate some of the extensive informaf
on flowing waters in terms of productiy
and ecommunity respiration especially’
using diurnal gas curves and the upstré
downstream method of measuring comm
nity metabolism. A summary will
be made of the production and respi
of flowing communities relative to 8
sion, veloeity of current, and the clas
tion of communities.

THEORETICAL CONSIDERATION 0F DAILY BRS
ESSES OF OXYGEN METABOLISM nf
FLOWING WATERS =

Consider a stretch of flowing W
limited by two stations, one upstream
the other. During the usual daily
four main processes affect the ox)
carbon-dioxide concentrations
flowing between the stations. Altho
discussion here is presented in terms @
gen, it should be understood that caf
dioxide behaves similarly but with
sign.

(1) There is a release of n'cvgeﬂl
water as a result of phutmvnthetlb P
production during the day by both 2
plants and phytoplankton.

(2) There is an uptake of ox¥ rgen 0

wator ac o waea bt oF dha e P



anisms, planktonic organisms, and some-
¢ oo chemical oxidation. .
(3) There is an exchange of oxygen with
ao gir in a direction depending on the
turation gradient. _
(4) There may be an influx of oxygen with
rual of ground water and surface drainage
ong the stretch.  In most of the examples
discussed here, acerual is assumed to be
gligible relative to the other influences.
These processes between stations may I::e

auantitatively summarized on an area basis
" (ie, g/m*/hr) as follows:

ii= P — R4+ Da + 4 (1)
te of Tuteof  Rawe of Rate of Hute of

nnge of EroSs pri- respir- Grygen druinnge

odved nary pro-  tion per uptake acerual

omyEen dustion I b dif-

mfen  [eF afen fusion
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E"‘i":']" ers (z), the relationships are expressed
o concentration-units  (i.e., g/m?/hr).
b Bmall letters have been used for these quan-
- tities which are defined on a volume basis.

q=p—r+d,-1.+a=§ (2)

The usual diurnal (24 hours) course of
thange for the component processes is given
: FlEL_ﬂ'e 1 for a hypothetical flowing sys-
tem without acerual, which is both over-
:mt‘“{‘ﬂt@d and undersaturated with oxvgen

Elative to the atmosphere and which has a
e of production and respiration.

photosynthesis-curve has the same
Pe as the incident light with a morning
ternoon symmetry as shown in Figure

for a clear day unmodified by eloud pat-

Erhe,
It'h{f E'Hﬂk'fmulaud Il}iﬂchmniml DXYgen-
irly mlh the inflowing water remains
. ]W&“t a8 assumed for the case in

» then respiration remains relatively
ether  plant respiration is
urmg photosynthesis or not is
_Question since evidence is
(Rabinowiteh 1951, Whitting-
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€ = T g
TIME OF DAY IN HOURS

Frg. 1. Component processes in the oxvgen
metabolism of a section of a hypothetical stream
during the eourse of a cloudless day. Production
(P}, respiration (&), and diffusion (D) are given on
an areal basis. The combined effect of these rate
processes for a stream 1 meter deep iz given in
ppm/hr {g). Inthe lowermost curve are given the
actual oxygen values that would result in a stream
with a long homogeneous community. The dif-
fusion curve is linearly proportional to the oxygen
concentration eurve. The shaded area delimited
by & and & is used in Equation (5) to obtain an
approximate production estimate uncorreeted for
diffusion.

ham 1955). In strongly polluted waters
with very low oxygen concentrations there
may be a diurnal increase in respiratory
oxidation during the day due to the forma-
tion of photosynthetic oxygen, where at
night there is no oxygen. Respiration was
found to be dependent upon oxygen tension
below 1 ppm for sewage by Pomeroy (1938)
and for marine waters by ZoBell (1940).
Jackson and McFadden (1954) found an in-
crease in community respiration during the
day in lake waters. Until more is known
about these and other diurnal effects, it may
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be simplest here to continue to assume con-
stant community respiration day and night.
This assumption will not apply to flows a
short distance below pollution outfall, where
the wvolume of pollution discharge itself is
frequently in diurnal cyele so as to cause
minimum conditions of oxygen during the
day (Schmassmann 1951, Calvert 1932,
Mohlman ef al. 1931).

Ordinarily the acerual of water is small
and without daily wvariation. This is the
case in Figure 1 where zero accrual is as-
sumed.

Two recent reviews (Haney 1954, Ammon
1954) summarized knowledge on gaseous
transfer into water. The rate of diffusion
depends on the degree of saturation of the
inflowing water,

D = KS§ = zkS (3)

where D is the diffusion rate per area, S
is the saturation deficit between water and
air, z the depth, K the gas transfer coef-
ficient defined on an area basis (i.e., g/m?/hr
for 0% saturation) and &k the gas transfer
coeficient defined on a volume basis (i.e.,
g/m?*/hr for 0% saturation). The diffusion-
purve sketched in Figure 1 was drawn for
the case where the inflowing water had a
similar history to the water preceding it
because of similar conditions upstream. In
this ecase an accumulation of oxyvgen de-
velops in the water as production exceeds
respiration during the morning so that dif-
fusion into the water is replaced by diffusion
out as the water becomes supersaturated.
During the course of the day the other fac-
tors affecting diffusion rate such as depth,
velocity, and bottom character tend to re-
main constant for the section of flow.
Stream flows with large temperature ranges
and changes in stratification-tendency may
be exceptions.

When each of the component rates (P, R,
D) given on an area basis are summed as in
Equation (1), the total rate of change of
oxyegen is found for the zone between the
two stations on an area basis. If this sum
(@) is divided by the mean depth (z) the
rate of change of oxygen concentration is
obtained (g), as in Figure 1 for a 1l-meter
deep flow.

From this rate-of-change o
e may construct the ecurye of g
centration by adding stceessiy
change to the 01}':-’.En.uunuentm .
hour. _Thut-:, beginning with
sumptions a diurnal oxygen
stream was constructed (Fig
trate some of the known work
f:mnmtmil.ics, The oxygen ecury
18 typical of the curves observed
whose work was examined {pg
also Cerny 1948, Wiken 1936).
maximum in the rate-of-change
afternoon maximum in the o
tration curve are typical. Max
oxygen decrease oceurs after sun
mum oxygen concentration ag
rates of change oceur in the pre
In the next paragraphs the p
reversing this analysis is deseribed!
primary production may be estimgh
ohserved oxyvgen curves. ;

MEASUREMENT OF METABOLISM
Measurement of gross primary

The light-dark bottle method for
ing gross primary production
munity (defined as the sum of
production and community respira
ing the daytime) is seldom a
flowing waters because much o
munity is benthic and heteroge
than planktonic. Furthermore,
urement made without the normal
flow may be questioned on gro
production is a function of
The upstream-downstream mes
oxygen, carbon-dioxide, and oth
ties is apparently the chief method
for the study of metabolism of flov
communities.

If the area under the ups
stream rate-of-change graph (¢
above a horizontal line drawn
predawn point is measured, &
mation to daily, gross primary.
is obtained in concentration Uf
day). By this procedure ©
the acerual, respiration, and d
predawn hours from the rest:
though these predawn values
sentative of the entire day.



in OXVEen mnmntrz_&tim} during 24
. is small, so that diffusion 1s not murlfa
different between day and !ught, this
pmximtinn will give production values
" to but always less than the actual
duction values. Therefore, the area
lor o rate-of-change curve of oxygen ¢
1) expressed in ppm/day ll‘.['lu'".i]}]i{:'l!d
v the mean depth between stations (z in
) gives the gross production per area in
n!/day (P).

g following is an alternative calcula-
where the oxygen change is expressed
the difference between stations rather
n as the change per hour. The area
ra curve of oxygen change between two
ions (Ac) expressed in ppm-hours, multi-
by the discharge in m*/hr (F) and
ivided by the area between stations in m?
) also gives the gross primary production
day (P).

_,ﬁi ese conversions may be summarized as
pilows:

iy

ay = 2 ; (g — qu) ot
]

LH
ﬂ% ! (Ae — Acgy) dt

e b 1 sunrise and {; is the time in the
ing when g or A¢ returns 1o its value at
B& 1 O Acy respectively,

" as measured in practice:

= (2)(area under diurnal g curve)

(5)

F
ey (area under diurnal Ac curve)

- Areas are hatched in Figures 1, 2,
in?hr::t of the caleulation methods is
:  dye spot, example for the marine
(Table 2) and in the analysis
riﬂffll‘:llun OxXygen curves from tl-hc
Hmls Lhe Src:f:ulnd of th_e calcula‘tlon
le. 15 used in the Silver Springs
,mf;ﬂ‘iple methods without diff usion-
, 1954) 'iEFE Iusﬁd by Sargent and Austin
there E‘-‘iatin ‘:{}rﬁ.l risef wnrir{ at Rongelap
e ons from saturation were small

: total production.
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T

NOOM
TINE OF DAY 1IN HOWRS

Fig. 2. Component processes in ppm in the
daily oxvgen metabolism in the upper 3 -mile zone
of Silver Springs, Florida, March 23-24, 1954. In
the upper graph duplicate oxygen analyses 3 mile
downstream from the outflow boil are expressed in
ppm on the left ordinate. The ordinate on the
right indicates the oxygen change {A¢) relative to
the constant bail value of 2,50 ppm. The acerual
{a) due to addition of more oxvgenated water from
side springs, respiration (r) as estimated with
black belljars, and the diffuzion in (d) as estimated
from the gas transfor cocflicient and the saturation
deficit are given next.  Inthe lower surve the pro-
duction in ppm is computed by separating acerual,
rezpiration, and diffusion from the ohserved oxy-
gen change in the 33 -mile zone. The area under
the lower curve expressed in ppm-hrs may be con-
verted into daily production as indicated in Bqua-
tion (3). The shaded area in the upper curve
delimited by f; and & is used in Equation (5) to
obtain an approximate estimate of production
uneorrected for diffusion.

It should be noted that the magnitude of
diurnal change in ppm oxygen concentra-
tion gives no indication of the metabolic
rates per area unless depth and velocity or
discharge and area between stations are
known., Small oxygen changes in deep or
rapid streams may indicate larger produc-
tion values than do larger oxygen changes of
oxvgen in shallow streams.
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Measurement of diffusion
10 ¥ 1 1
Fspecially where differences iy ra
0, fusion between night and day gre
PPM as in the diagrammatie example i

TIME OF DAY IN HOURS

Fia. 3. Component processes in ppm/hr in the
daily oxygen metabolism of the River Lark, Eng-
land, ealeulated by the single-curve method from
data given by Butcher, Pentelow, and Woodley
(1930). TIn the upper curve ia given the observed
diurnal (24-hr) oxygen curve. From this is caleu-
lated the rate of change per hour in ppm/hr (g).
Respiration (r), diffusion (d), and production {p)
on a ppm-basis are caleulated as indicated in the
text on the assumption that the stream is homo-
geneous. The shaded area delimited by £ and iy
is used in Equation (5) to determine the approxi-
mate produetion uncorreeted for diffusion.

As considered so far these calculations of
gross primary production do not consider
diurnal wvariations in respiration, accrual,
and diffusion. Since diffusion ordinarily is
the main process which Huctuates diurnally,
the success and reliability of the upstream-
downstream method is dependent upon the
accuracy of corrections for diurnal diffusion-
change.

It is necessary to estimate the ohs
diffusion due to the daily change j
tion deficit. 1If a coefficie g,
4 coeflicient of pge

(K) is available or can be obtained
stream section in question, it may he
apply a correction for each hour of ¢
as in Figures 2 and 3 according to the g
tion deficit for each hour,

In Table 1 are given various estim
K for oxygen transfer in flux units,
for still water with mostly mole
fusion are about 0.03 g/m*/hr/0
Values for bubbles and droplets as ig
falls are as high as 34 g/m?/hr/02§
The values for flowing waters are in betig
depending upon the rate at which th
face film is dispersed downward
turbulent mixing.

The following procedures can be
measure the gas transfer coefficien
ing waters:

(a) The gas transfer coefficient
obtained from two measurements o
content of the water, one after 3
one just before sunrise,

According to the relationships
tions (2) and (3) before sunrise:

KS,
= e

=

Gm _
where S, is the predawn saturation 48
and ¢, is the rate change of oxyge
tration in the morning. After sun

_KS, _

-4

F

Fe

where S, is the evening saturation ¢

q. 15 the rate of change of oxygen €

tion in the evening. :
Subtracting these expressions

The gas transfer coefficient cai 8
obtained from diurnal oxygen
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TaprLe 1. Coefficients of gas iransfer for oxygen
e I ) 3 h."
it i S AR ‘lr:lgérlcb UT—E“‘ Temp. si?&%r
Saturatm
nson, Becker, quoted by Haney, 1954) 0.0 — 20-25 034
any, quoted by Kehr 1938) 0.0 o - 0.03-0.08
r -
Equnta W I!Ianey o Wright d Kel ] El ﬂ_; 132—51{] UI{E] :Si?: ;
i ing trough (Streeter, Wrght, an ehr : ; R
e eing froush 001 01 1020 D0.043
0.m 0.1 20-30 0,047
0,013 0.1 12 0.12
0,070 0.1 17 0.52
0.119 0.1 14 1.12
0.20 0.1 13 3.8
n eireulating trough (Kehr 1938) 0,05 0.45  25-26 0.38
0,15 0.45 25-20 1.5
and ponds (Imholf and Mahr 1932) — - - 0.08
k Harbor (Gould 1921) tidal - —- 0.23
th & wave machine (Borst, quoted by Phelps 1944} e 1.8 — 0.31
e (Redfield 1948)
—_ — 12-20 1.1
3 — e 3-7 5.2
iver, Florida, July 21, 1935 (Odum)
ion-of-respiration method 0.21 .77 23 0.92
asured-turnover method 0.21 2.97 23 1.00
¢ Bprings, Florida (Odum) From carbon-diexide 0.3 0.23 24 .55
Tespiratory-quotient method
ivers, diurnal oxygen eurve analyses in Table 2 - .53 - n.6-4.3
River below Cincinnati (Velz 1939) 0.05-0.00 4.8 15-25  1.5-5.0
id drops (K given per area of drop or bubhle)
{Krogh, quoted by Redfield 1948) —_ — av 13.1
5 I{JSP‘II?;EH, Adenay, Spuler, and Schwab, quoted by — — H0-25 2 8-23
“drops (Whitman, quoted by Haney 1954) = : 24 22-34.

1 of measured values in Equation

pid production of gases in some
oduces local extreme supersatura-
‘:ﬁh_m; bubbles break to the surface
* BOIng into solution even in under-
waters. Measurements by trap-
bles in funnel devices shower about
production or 0.3 g/m?/day
g the daylight hours in Silver
effect ];s more  important
wven though the rate
4 function of the saturat%(}n deficit,
“ Md i?}qugen—!usﬁu mechanism at
usion coefficients  deter-
Bht may fail to include this ef-
OW supersaturated waters this
i unde:re.stimatinn.
€ estimate of the time required
%]}g and dispersion of the

surface film is available, the coefficient of
diffusion may be computed on theoretical
grounds (Phelps 1944, after Black and
Phelps 1911}, In Silver Springs fluorescein
dye was observed from under water with a
face mask. The yellow surface film was
readily observed to become dispersed ver-
tically in about 1 minute. The calculated
pas transfer constant was similar to the
inferred value from balance sheet caleula-
tions (Table 1).

{e) If a respiration value has been obtained
for a stream and if accural is negligible, the
diffusion rate for o known saturation deficit
may be obtained by subtracting the respira-
tion from the upstream-downstream change
at might. For example, belljar measure-
ments were used to obtain an estimate of
respiration in Silver Springs. The diffusion
was then caleulated (Table 1),




108 HOWARD T. ODUM

iy If the diffusion rate is Tound for one
gas (e, COy) the diffusion rate for another
gas may he related s their molecular dif-
tusion  eoeflicients. When transfer coef-
ficients are expressed in g/m?*/hr/atmosphere
saturation-deficit, similar values are found
for both gases.

{e) If river slope, velocity, and depth are
known, some idea of K may be obtained by
using empirical equations based on obaerva-
tions on the Ohio River (Phelps 1944,
Streeter and Phelps 1925).

{1} Im a section of a river withoul acerual
the diflerence between gross primary produce-
tion and respiraiion, expressed in organic
matter, is the organic matter synthesized
in this section. P-R is readily measured
by upstream-downstream organic matter
measurements.  Bubstilution in Bquation
(1) permits the caleulation of the diffu-
sion.  This method assumes that sedimenta-
tion is balaneed by erosion, as in the middle
sections of many rivers.

{#) Lacking other means a value may be
selected from Table 1 for similar conditions
of depth and turbulence,

Measurement of commondly respiralion

Where community respiration is io be
measured,  the following  procedures  are
available:

{u) Black hbelljars over typical bottom-
subetrates and black bottles in the water
may he combined to obtain respiration rates.
In many streams the black bottle respira-
tion-rate differs from the stream respiration
due to differences in bacteria, turbulence,
oxygen conditions, and benthie communi-
ties, Similar  difficulties  arise  with  at-
tempts to anticipate the natural black bottle
measurements with BOD tests of pollution
efftuents.

{b) During darkness, the diffusion may be
subtracted from the observed rate of change
fp ohtain the respiration in ppm. The
ppm/hr respiration multiplied by the depth
in meters gives the respiration per area per
time in g/m*he.  If during darkness there
i a time of saturation with respect to the
atmosphere, such as occurs after sunset in
Figure 1, the upstream-downstiream change
is equal to the respiration providing the
acerual 1= neghgible.

() If one gas (i.e. CO4) is nearly at g
tion, and its respiration component ean
be obtained at night, the respiratigy of : :
other gas {i.e. O2) may be obtained asgyy
a respiratory quotient characteristio of 4
stream or arbitrarily 0.8 as an approyy
tion.

The methods suggested here for megg
ment of diffusion, respiration, and phat
gynthesis are demonstrated in subsequg
paragraphs with three examples repreg
ing three mportant, frequently oeey
cases,

An example of preduction measurement
constand tnflow sifuations

Silver Springs, Florida, is an example’
chemostatically  regulated  inflow, Si
there is no diurnal change in the upst
station (the boil outfllow), the downstres
concentration curve s readily conve
into an upstream-downstream rate of ch
curve by subtracting the upstream
from each downstream value and dividi
by the time of flow to the downstream
tion, In Tigure 2 is shown the oxygen cof
centration  curve, upstream-downstres
change curve, and component respiratio
acerual, and production curves based
detailed work presented elsewhere (0
1954). The accrual is large and the 2
always undersaturated. Respiration
measured by belljar measurements
benthic communities, and diffusion
mated asindicatedinTable1, Possibleerrd
in this method were cited previously. i

Other Hows with fairly constant
without much diurnal oxygen variation
found downstream from large waterfall§
pround water flows, and downstream
surf. The Rongelap and Eniwetok @
reef studies inelude measurements U
situations of relatively constant U
(Sargent and Austin 1949, 1954; (Ocum a8
Odum 19551,

Production measurements by the diff
between upstream and dounsrea™
divrnal curves

For the usual complex ease where 19
plifving assumptions may be made
the inflowing water, complete curves
be taken at two stations. Upstreaim-

=l
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changes were used in the coral reef
es of Sargent and Austin (1949, 1954)
4 Odum and Odum  (1955). The up-
m and downstream curves in Si‘htllalri'ﬁ-
n (1951) are examples of dai,ln to which
s analysis might be applied if mflﬂrma-
n on depth and flow rate were available.
ypstream curve can be subtracted from
downstream curve after shifting the
ream curve to the left by a time period

ssponding to the time required for the
w to pass from the first to the second sta-

Unfortunately, most of the diurnal
son and carbon-dioxide eurves in the
ature are from single stations.

example of production measurement by
single curve analysis

here @ curve for only one station is
le, but an assumption of stream
nogeneity above the zone of measurement
reasonable, the curve for rate of change
ay be obtained from a single diurnal oxygen
h. With this procedure one assumes
the ineoming water had had the same
irnal history as the water just preceding.
er words the whole stream is experi-
g a simultaneous rise and fall of oxygen.
stream where this assumption applies

identical with that of the first station.
assumption is consistent with the
tical case of a cireular stream and a
geneous community. Most of the
discussed in this paper are based on
t-analysis of single curves.
L Figure 3 the oxygen curve, rate-of-
curve, and resulting component
8 of respiration and diffusion are shown
¢ River Lark based on data given by
er, Pentelow, and Woodley (1930).
ould be emphasized that this single-
_ waﬂiqre is no substitute for a double-
© analysis, but is useful in obtaining
i of magnitude. A partial curve
o Was used by Jackson and McFadden
i Or measuring production in a lake.

Spol method

simple method used by the author
. 1'01_" obtaining upstream-down-
. EL-J]!T,EEE'3 m flowing water is outlined

-4 #pot of fluorescein dye is placed

Vi
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in the water and followed for about 15
minutes. Measuremenis are taken in water
adjacent to the marker spot before and after
the period. Then the observers return up-
stream to the starting point before making
the second measurement. In thizs way a
diurnal rate of change curve iz obtained
which is then analvzed to obtain diffusion,
respiration, and production as described
above. This method was used for a bed of
marine turtle grass (Thalassia) in 3 ft of
water alomg the causeway at Long Key,
Florida. (Table 2). This is probably the
simplest of all the methods deseribed here.

PRODUCTION AND COMMUNITY STRUCTURE OF
ETHEAM COMMUNITIES

Magnitudes of primary production in
sfreams

Using the methods described in preceding
sections, data from the literature have been
used to obtain the estimates in Table 2.
For comparison recall that eutrophic lakes
have a gross primary production of organic
maiter of the order of magnitude of 1
(0.5-5) g/m*/day (Gessner 1949) during
seasons of maximum growth; oceanic waters
have gross production magnitudes of 0.17-
1.6 g/m?/day (Riley 1953); terrestrial
agriculture under the best cirenmstances
achieves sustained net production of 10-20
g/m?/day (Kalle 1948); and mass Chlorella-
cultures under strong light and bubbling
carbon-dioxide yield a net produetion of
2-19 g/m?/day (Wassink, Kok, and Oor-
schot 1953). If the ratio of photosynthesis
to respiration is about 2.0 this indicates a
maximum gross  primary  production  of
Chlorella of 28 g/m?/day. It is immediately
observed that the estimates in Table 2 for
production in flowing waters are very high.
Tt may be suggesied that streams are among
the most productive biological environ-
ments, a conclusion that has been suspected
for a long time on the basis of estimates of
standing erop.

Comparison among the streams indicates
that the highest primary production rates
are in the recovery zones of streams polluted
with organic wastes. Thus the pollution
not only inereases the biota due to an addi-
tional organic nutritive source, but subse-
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TaprLe 2, Produclivity and elassification of flowing waler communtiies on the basis of oxy :
metabolism dain iem

T, ODUM

Stream, Date, Source

P R
Garnss Community
production  respiration FiR

smifday g/m¥day

Auntotrophic communities (/R > 1)

Windward coral reel, Eniwelok, July, 1954 {Odum and Odum = 24 24 1

1055)

Silver Springs, Florida (Odum]) respiralion from bell jars

Winter, 1952, 1953 & 2.8 2
March 2324, 1954 : a5 a T
Birs, Bwitzerland (Sehmassman 195100 April 11-12, 1946 50 18 2
White River, Indiana; zone of recovery from pollution 57 18 3
(Drenham TR July 28-24, 1933
Kljasma, Russia (Brojewica 193100 July 21, 1929 2.4 1.9 1.3
10 Florida Springs (Odum) July, August, 1955 (.6-59 . - =1
Turtle Grass, Long Key, Florida (Odum and Yount) August 34, 24, 1.4

14, 1055
Heterotrophic communities {(F/R < 1)

Ttehen River, Englond ; wopolluted (Bufcher, ef ol 1930,

Figure 4
April-Oetober
MNovember-MMarch

River Lark, England; polluted (Butcher g al. 19300

November 17-15, 1927 0.53 a3 0.
May 183-19, 1927 30 35 i i3
White Wiver Indiana, near pollution outfall (Denham 1938)° 0.24 20 ]
Julyr 21, 1934
Potomae Eztuary; balanece sheet caleulation by Purdy, 1917 11.0 16 8 0.5
tquoted by Phelps 19443, eelprass, polluted
Ban Diego Bay, black bottle method ; prodoetion estimates of 2.8 4.4 (.65

MNusbaum and Miller {1952}

8.5-14.0 5.8-18.6
0.4-7.1 4.2-20.2

resprration, and gas Lransfer estimates.

quently inereases the autotrophic hased
erowth rates.

IMigh production iz nob limited, however,
to polluted waters, Three Hows with the
lowest organic matter contents of all waters
{0.1-1 ppm}—the Pacific coral reel environ-
ment, the Caribbean turtle grass and the
large artesian calcareons springs in Florida--—-
possess very high productivities (Table 2).

The seasonal course of gross production
and cormmnunity respiration has been calen-
lated for the unpolluted River Ttchen from
data given by Butcher, Pentelow, and
Woodley (1930} and summarized in Figure
4. Tach point was obtained with a curve
analysis like that in igure 3. An approxi-
mation was mtroduced in the calculations
by the use of the average depth 0.6 m rather
than the river stages on the particular days,
which were not readily available. The pro-

duction enrve shows a seasonal trend eof
related with the course of sunlight. Tha
the light is the main cause of this patter
seems likely, A similar curve was fuunfi
the constanf temperature of Silver Sprin
(Odum 1954). Verduin (1956) found il
naturally adjusted plankton populatio
had a primary production indepﬂnd{ﬂﬂt'“
temperature. The constancy of respiratt
in Figure 4 is supported by Butcher, Pen
low, and Woodley’s (1930) account of fﬂ-lr J
constant benthic plant populations dut
the year in the River Itchen. That sunt®
values of the gas transfer coefficients W
obtained (Table 1) in spite of the depth 8
proximation used, gives one some confidé!
in the single-curve analysis procedure
The seasonal shift in K values for & ¥
stream may not be more than 2- or 3.' o
Although the downstream longzitudt!

e



" Beasonal course of production (P} and
v respiration (R) for the Ttchen River,
estimated with the single-station method
e given by Buicher, Pentelow, and
'. 1030). Production per day in ppm was
to an areal basis using an approximate
6 meters. The stream was unpolluted,
8, and contained large plant populationz.

of species, physical conditions,
of waste decomposition are now
and fairly similar throughout
where studied, almost no effort
*jnad:% to estimate the primary pro-
Tates in the recovery sequence below
pollution discharges. Using some
ceurves of Calvert (1932, 1933) and
: I:lﬂ.?ﬁ} for the White River in
the single-curve procedure has been
 Obtain the longitudinal distribution
production and respiration over

i A i I i
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the 160 miles below the Indianapolis waste
outfall. As shown in the pattern in Figure
5, respiratory metabolism far exceeds pro-
duction in the first 20 miles as the sewage
decomposes. Production, however, rises
rapidlv so that primary production far
exceeds the decomposition processes in the
early recovery zone. Here the organic mat-
ter is being made faster than it is being used.
The rise in respiration that seems to oceur
below this point may be a result of the in-
creased organic matter and inereased popu-
lations of respiratory organisms. This is in
keeping with the idea that the respiratory
metabolism of a polluted stream is propor-
tional to the organic matter content at a
rate determined by the deoxygenation con-
stant (Streeter 1935, Velz 1939, Phelps
1944). The second peak of respiratory
metabolism 100 miles downstream is ac-
companied by acrobic daytime conditions
although the diurnal varition is large. A
supersaturated oxygen condition during the
day and an anaerobic condition at night is a
property of such waters. TFor example,
Schmassmann (1951) used the range of oxy-
gen coneentration to classify sueh streams.
Low oxygen and high organic matter are
therefore not always correlated. I'ar down-
stream there is a gradual decline of both
production and respiration. The pattern
of maximum primary production in the
early recovery zone fits the observed maxima
of algal populations in this zone as observed,

HETEROTROPHIC AUTOTROPHIC

a - 1 " s e

The downst regun ser
__1ilnn method frog

Ndiang, July 21-27 1034

i

MILES DOWNSTREAM

100 150

juenes n:f production (P} and community respiration (&) estimated with
1 data given by Denham (1938) below a sewage pollution ouifall in the
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for example, in the River Trent by Buicher
{quoted by Macan and Worthington 1947).
Enormous values of primary production
are also Tound in recovery zones of other
polluted streams as shown in Table 2 and
including the River Lark, Kngland, and Birs,
Switzerland. It may be found eventually
that the most productive communities in
existence are those in polluted streams.

Efficiency and current velocity

The estimates of high production in Table
2 for flows of many kinds suggest some con-
sistent difference between the production in
running waters and the production in other
environments.  One is tempted (o conelude
that the efficiencies of primary production
instreams are higher than those of most other
environments,

Although many streams maintain higher
nutrient eoncentrations than still waters,
this ecannot be the entire reason for the high
production.  The high production-measure-
ments in extremely low nutrient waters at
Eniwetok and at Rongelap indicate that
nutrient concentration can be overcome
where current velocities arve laree and the
organisms are adapted. Rutiner in 1926
(Ruttner 1953) showed that a flow of cur-
rent past a community accelerates those
metabolic processes that are limited by slow
rates of diffusion, The current renews the
depleted requirements for life and removes
accumulating by-products of metabolism.
Many organisms adapted to such currents
cannot survive outside of the currents.  The
importance of this phenomenon has been
recognized in some small invertebrate ani-
mals in their current demand and the high
metabolic rates in comparison to similar
lake species.  Munk and Riley (1952) have
made computations as (o the effect of fall-
ing plankton of various shapes in stimulat-
ing their own metabolism by moving rela-
tive to the water.

Organie maoller, productivity, and succession

In flowing systems there are three time
zequences in the adjustment of communities
to the phyzical environment. One is the
sequence at one place in the stream, the
temporal {short term) suceession. The

second ak the au:tilm} of a Community
stream in determining subsequent e
downstream by affecting the Contenty of
water passing downstream (the longitudiy
succession). The third is the |op
geological suceession by which ermioni-
forms "‘_-"”-shapg*d valley he:uiwatem
flood-plain physiography. Long-time g,
logical processes will not be conside
further here. Considerable opinjon g
evidence exists that temporal Ellecegg;
rapidly leads to an aquatic climax (Bute
1945, 1949; Shelford and Eddy 1929), whi
is maintained until the properties of
water-flow  change. Similarly, detaile
studies have shown sequences of longi
nal succession such as the pollutions
covery sequence already considered, th
cooling sequence  downstream  from g
springs (Seurat 1922, quoted by He
Allee, and Schmidt 1951), or the diversifios
tion sequence downstream from cold spring
(Sloan 1956). Although data are sca
some basic considerations of the produetig
proceszes may help to relate production &
stecessional sequences,
In Figure 6 is given an energy flow diages
for o community composed ol the 5 trop
levels: primary producing plants, herbivor
decomposers, carnivores, and top carni;
vores. The diagram is drawn so as to se
rate the photosynthetic part of the com
munity from all the respiratory parts of t
community including the plant respiration
Following the first law of thermodynami
the rates of influx of both light and organ
matter energy sources are equal to the ene
outflux of heat and organic matter.
cording to the second law of thermodynat
ics, any process that takes place spontd
neously involves a heat loss (dispersal) as
entropy tax. From this diagram it sho i
be elear that when subsequently gross P
duetion, net production and respiration
used, community values are intended rat
than physiological values.
In many stream communities, there
large influx of imported organic mt
he word export is appropriate for
organic matter that leaves an active ¢
munity either by being sent downstres
sedimented below the active metabolit



REBPIRATORY |
WACHINERY
oF PLANTE

i

lated materials,

ond tiun_ﬂf low oxidation potential)
J-Pmrlmu“_l'f-}'. Thus for ihe whole
nmunity

.Im +P=F 4+ R (0)

ik the import rate, E. the export
21 production rate, und R the com-
Tespitation rate. The quantity
IS that can be supported is de-
; 1 on the primary production and

“MS 10 be inherent in these ar-
m&:lf—regp]m-i’ng mechanism that
el longitudinal suceession but
. " s, If as eited above for
1:13] the respiration is a func-

entration of arganic matter

PRIMARY PRODTUCTION 1IN FLOWING WATERS

A B:enluruljzud dingram of energy flow for steadv-gtate natural communitiez, £ is the Eross
oduction; R is the total community respiration; the 5 trophie levels are indicated by boxes.

exports are ineluded as dominant flows which may equal the flow of primary production
fAms.  The flow from the top of those boxes representing congumer trophie levels indicates
: The laws of thermedynamies are illustrated sinee inflows balance ontlows
Process is aceompanied by dizspersion of heat energy as eniropy tax,
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in the water and on the bottom, while the
primary production is a function of light and
nutrients, there is possible an organic matter
concentration in the water at which produe-
tion will balance respiration. For coneen-
trations of organic matter below this there
will be too little available free energy in
organic matter to build large populations of
organisims.  In these cases production will
exceed respiration and there will be a net
gtorage or export of organic matter. On
the other hand when respiration exceeds
production there will be a net loss or import
of organic matter. The tyvpes of standing
crop characteristic of these regions may show
dramatic differences. Silver Springs, Flor-
ida, iz an example of a community that has
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HETEROTROPHY hUTOTROH{
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Fii. 7. The relationship of longitudinal suecession, total organic matter in waters, and the relative ==
dominanece of autotrophic and heterotrophic metabolism as indicated by the P/R ratio. The arrows 58

indicate the trend of concentration of organie matter in waters, depending on the P/R ratio of the &8

communities over which the water flows,

(1955} ; (6) Silver Springs, Fla., annual means.

an excess of production over respirvation so
that the organic matter is exported and the
particulate organic content of the water in-
creases downstream. Thus longitudinal sue-
cession beginning with either high or low
organic content will trend towards an inter-
mediate organic matter content as a steady
state downstream condition. Within the
length of most streams there is not time for
much succession. Many streams with large
and continual allochthonous organic matter
imports from land drainage will be in an ar-
rested longitudinal suceession. These con-
cepts can be made operational if the ratio of
production to respiration can be related to

Several specific communities are plotted: (1) White River =
pollution outfall (see Fig. 5); (2) an approximate point for a dystrophie stream based on the observation
that the oxygen tension remains below saturation (3.5 ppm) both day and night (Santa Fe River, Fl
Oet. 31, 1953) ; (3) recovery zone of the Illinois River at Averyville, Aug. 24, 1927, from single stat
ealeulation of diurnal oxygen curve given by Mohlman et al. (1931); (4) Birs, Switzerland (Table 2
{5) coral reefs from Sargent and Austin (1948, 1954), and Rongelap and Eniwetol from Odum and Chidm

the concentration of organic matter in
water (expressed in mg/l). For na
summer light intensities the organic mati&
content corresponding to a P/R of 115 00
the order of magnitude of 1-15 ppm.

(1935) found photosynthesis exceeded
piration in mixed algal and bacterial ©
tures containing 10 ppm dextrose and
tone. Many harmonic and UBPPﬂut
lakes and oceans tend to be maintal
this range (Thunmark 1937, Birge ?'“d
day 1926). According to this thinking ¢
viations much below or above this raf
cannot occur without addition an-’-?! remo
of organic matter by other agencies, 85 =

=
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'..tar filtration or in allochthonous inﬂu?: It.h:m in torrust-rliai or still water com-
—atter drainages. These trends munities. It seems likely that there are a
; ized in Figure 7. great many possible climaxes depending on
o | succession in one place in flow-  the hydrographic climate provided by the
« ig unable to modify its own inflowing water. .""‘ mtl_nnal basis for
ironment, since its products are classifying these climaxes in terms of pro-
away to cause downstream sucees- n:i!mtmn and respiration processes 18 pro-
hous  successional phenomena in vided by the P/R ratio. :
‘are much more a function of the The tendency for the P/R values to ap-

AUTOTROPHY F'/R > |
MESOSAPROBE
STARTING L CORAL ®
ALGAL CULTURES SPRINGS aEer (0
6) OLIGOSAPROBE
I
A m
:
FisH 0
PONDS O
~ =
0
EUTROPHIC O
LAKES LY
/ L
Fo I -
TROPICAL OCEAN DYSTROPHY (HUMIC HETERO- X
; v TROPHY) AND/OR :‘3\
ORGAMNIC POLLUTION
OLIGOTROPHIC A
LAKES l
POLY SAPROBE
] [
I 10 100
R CM 2
/“//DAY

A diagmm for i

e dami he funetional classification of communities according to the total metabolism
= Mominance of

1) Coral autotrophie and heterotrophic metabolism. Specific examples are indicated
Whitl Iric'.er“ (Tub_le 2); (2) Itchen River, England (Fig. 4 and Table 2]!,' LE’:} MOCOVETY Sa-
2): (6) Sy wer, Indiana (see Figure 5); (4) Birs, Switzerland (see Table 2); (5) Turtle grass
, 1940 - eI E‘[""“Eﬁ (see Table 2); (7) Tropical ocean {(after Riley 1953); (8] Linsley Pond,
i (9) Little John Pond, Wisconsin (Juday, Blair, and Wilda 1943); (10) fish ponds
'l.‘.'ulhJL:l':zg::‘-!q Woted by Juday ef al. 1M3). Hyther (1954} described the bebavior of the P/R
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proach some moderate value is consistent
with the qualitative description of rocky
stream biota, which is dominated by algae
in the headwaters and by consumer animals
in the downstream sections. Pennak {1943)
deseribed a dominance of phytoplankton
over zooplankton in the headwaters of a
mountain stream.  An amusing  example
was provided by Nikolsky (1937), who
showed thatl fishes in the headwaters of the
Amudaria River had gut lengths 235% of
bady length, decreasing to but only 170%
of body length m the delta. The long guts
are presumably a correlation of the plant-
eating habits of the fish in the headwaters,

The /R diagram

As deseribed in the foregoing paragraphs
the P/H ratio enables one Lo make a logical
classification of communities into auto-
trophic and heterotrophic types.  In Figure
8, P and R are used as coordinates of a
diggram  thus providing a useful graph
for quantitative comparison of communities,
The flowing water communities discussed
in this paper are plotied along with some
representative values from other environ-
mente. The diagram shows how  some
streams may be fertile in baving high total
respiratory metabolism and vet possess little
primary productivity. It may be desirable
to distinguish heterotrophic and autotrophic
types of fertility with such terms as hetero-
eutrophic,  hetero-oligotrophic,  auto-eu-
trophie, and auto-oligotrophic. The dia-
gram suggests a quantitative definition of
dystrophy as a term applicable to commu-
nities with humie-colored water and a P/R
less than 1.
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